Hydrothermal venting associated with mid-ocean ridge volcanism is globally widespread 1 . This venting is responsible for a dissolved iron flux to the ocean that is approximately equal to that associated with continental riverine runoff 2 . For hydrothermal fluxes, it has long been assumed that most of the iron entering the oceans is precipitated in inorganic forms. However, the possibility of globally significant fluxes of iron escaping these mass precipitation events and entering open-ocean cycles is now being debated 3 , and two recent studies suggest that dissolved organic ligands might influence the fate of hydrothermally vented metals 4,5 . Here we present spectromicroscopic measurements of iron and carbon in hydrothermal plume particles at the East Pacific Rise mid-ocean ridge. We show that organic carbon-rich matrices, containing evenly dispersed iron(II)-rich materials, are pervasive in hydrothermal plume particles. The absence of discrete iron(II) particles suggests that the carbon and iron associate through sorption or complexation. We suggest that these carbon matrices stabilize iron(II) released from hydrothermal vents in the region, preventing its oxidation and/or precipitation as insoluble minerals. Our findings have implications for deep-sea biogeochemical cycling of iron, a widely recognized limiting nutrient in the oceans.
Hydrothermal venting associated with mid-ocean ridge volcanism is globally widespread 1 . This venting is responsible for a dissolved iron flux to the ocean that is approximately equal to that associated with continental riverine runoff 2 . For hydrothermal fluxes, it has long been assumed that most of the iron entering the oceans is precipitated in inorganic forms. However, the possibility of globally significant fluxes of iron escaping these mass precipitation events and entering open-ocean cycles is now being debated 3 , and two recent studies suggest that dissolved organic ligands might influence the fate of hydrothermally vented metals 4, 5 . Here we present spectromicroscopic measurements of iron and carbon in hydrothermal plume particles at the East Pacific Rise mid-ocean ridge. We show that organic carbon-rich matrices, containing evenly dispersed iron(II)-rich materials, are pervasive in hydrothermal plume particles. The absence of discrete iron(II) particles suggests that the carbon and iron associate through sorption or complexation. We suggest that these carbon matrices stabilize iron(II) released from hydrothermal vents in the region, preventing its oxidation and/or precipitation as insoluble minerals. Our findings have implications for deep-sea biogeochemical cycling of iron, a widely recognized limiting nutrient in the oceans.
The mixing of hot, chemically reduced hydrothermal fluids with cold, oxygenated deep-sea water drives the dominant inorganic reactions of polymetallic sulphide precipitation and Fe oxidation and precipitation in plumes 6 . As a consequence of seawater entrainment into rising plumes, the entire volume of the global ocean must, on average, come into contact with hydrothermal fluids and particles in a relatively short time, 4000-8000 yr. Much of the trace element chemical reactivity observed in plumes is attributed, but has not been firmly linked, to the precipitation and surface reactivity of Fe oxyhydroxide minerals in both buoyant and neutrally buoyant plumes 7 . The rate of hydrothermal Fe(ii) oxidation has been correlated with the redox state of local deep waters 8 ; however, roles for dissolved organic carbon 9 (DOC) and microbial activity 10 have also been hypothesized.
Although hydrothermal plume processes influence important global ocean elemental cycles, there is little mechanistic information available about these processes owing to the dynamic character of the plume environment and the complexity of plume particles. Most knowledge of plume mineral composition and reactivity is inferred from either bulk digestion of filtered solids 7 or scanning electron microscopy with elemental analysis 6 . Here we use synchrotron-based X-ray absorption spectromicroscopy to investigate Fe and C speciation at the nanoscale in plume particles. We propose a mechanism for the production of an organic matrix capable of stabilizing hydrothermally vented Fe(ii). Our results suggest that the assumption that Fe cycling in deep-sea hydrothermal plumes is driven solely by inorganic processes is no longer valid and that organic processes must also be considered.
Our spectromicroscopic observations and bulk chemical measurements indicate that organic C-rich matrices are pervasive in hydrothermal plume particles at the mid-ocean ridge (MOR) East Pacific Rise (EPR) 9 • N at 2,504 m depth. The distribution and chemical speciation of Fe and C within small ( 10 µm diameter) plume particles was examined by scanning transmission X-ray microscopy (STXM) and near-edge X-ray absorption fine-structure (NEXAFS) spectroscopy. The descending non-buoyant plume materials collected from Tica vent are very heterogeneous in size and composition, and contain high particulate organic carbon (POC) concentrations (for example, 6.7 wt%) (Figs 1a,e, 2a-c and Supplementary Fig. S1 , Table 1 ). We observed C-bearing particles and aggregates consisting of a wide variety of biological debris (megafaunal detritus, Supplementary Fig. S1 ) and exopolymericlike matrices with fibrous morphologies coating and aggregating particles (Figs 1f, 2a and Supplementary Fig. S6 ).
The presence of megafaunal detritus in plume-particle aggregates is consistent with the biologically active zone surrounding Tica vent in combination with the phenomenon of entrainment of near-vent sea water into the rising hydrothermal plume. However, the high organic C content and prevalence of exopolymer-like matrices in the vent particles was unexpected. In contrast to ultramafic-hosted hydrothermal venting, basalt-hosted vents such as those at EPR are not expected to produce large quantities of organic C through abiotic synthesis 11 . In addition, deep-sea DOC is generally thought to be low in concentration and composed of fairly recalcitrant compounds. The exopolymer-like matrix observed here is composed of molecules that are quite labile-lipids, polysaccharides and proteins, as identified by C 1s NEXAFS spectroscopy (see Fig. 2b , Supplementary Fig. S6 and the Methods section)-and are presumably in equilibrium with a dissolved fraction of equally labile compounds. Carbon 1s NEXAFS spectra indicate that the POC is chemically heterogeneous at the nanometre scale, with composition consistent with mixtures of organic compounds ( Fig. 2a,b and Supplementary Fig. S6 ). Consistent with a recent report on Fe(iii)-complexing ligands in non-buoyant plumes at the Mid-Atlantic Ridge 5 • S (ref. 4) , the presence of a biologically labile and chemically complex pool of organic C in the vicinity of hydrothermal venting at the EPR has implications for microbiological cycling and chemical speciation of important elements such as Fe.
The STXM images and Fe(ii,iii) maps shown in Fig. 1a ,c-f demonstrate that Tica vent particles aggregate and these aggregates are mixtures of Fe(ii) and Fe(iii): they also indicate that Fe(ii), and to a lesser extent Fe(iii), is co-located with the background organic matrix. The small, optically dense particles distributed throughout this representative aggregate are Fe(iii)-rich minerals ( Fig. 1a , area 3). Although Fe 2p NEXAFS spectra cannot reveal the exact Fe(iii) oxyhydroxide form, these minerals bear much spectral resemblance to Fe oxyhydroxides such as ferrihydrite ( Fig. 1b ) and goethite 12 . Evenly dispersed Fe(ii)-rich materials largely dominate Fe speciation in certain areas of the aggregate (Fig. 1a , area 2). The evenly dispersed Fe associated with the organic matrix is consistent with either: (1) Fe in aqueous solution, (2) Fe in sorption complexes or (3) Fe in a uniformly distributed precipitate with a particle diameter much less than 30 nm. We rule out dissolved Fe because the concentration would have to approach 0.1 mM to be detected by STXM-NEXAFS (ref. 13) . We can also exclude uniformly distributed nanoparticulate minerals on the basis of Fe 2p NEXAFS spectra because the Fe(ii) spectra ( Fig. 1a , areas 1 and 2) do not match those of Fe(ii)-sulphide, -carbonate and -silicate minerals ( Fig. 1b and Supplementary Fig. S5 ). In other words, the Fe(ii) measured in those areas is not present as extremely finegrained pyrite, basalt glass or other typical Fe-bearing vent mineral fragments. Rather, the absence of discrete particles is consistent with a chemical association between Fe and C through sorption or complexation of Fe(ii) to organic functional groups within the organic matrix. Therefore, the role of POC in Fe speciation could be analogous to aqueous Fe/organic ligand interactions.
Our characterization of the mineralogy of the Tica vent plume particles, using micro-focused X-ray diffraction and X-ray absorption spectroscopy, indicates the presence of Fe(iii) oxyhydroxide minerals and a variety of sulphide minerals (see Supplementary Figs S2-S4). Although these observations are consistent with current thinking on the fate of hydrothermal Fe(ii) in vented fluids, detection of Fe(ii) in association with an organic matrix stands in stark contrast to this inorganic precipitation paradigm. To our knowledge, we are reporting the first observation of Fe(ii) stabilized by POC in hydrothermal systems. Measurements of dissolved Fe(ii) in the Arabian Sea oxygen minimum zone indicate that dissolved Fe(ii) is only prevalent when dissolved oxygen concentrations are below 2 µM (ref. 14) . However, our samples were collected from oxygenated (∼100 µM kg −1 ) deep-ocean waters 8 and stored in the presence of oxygen for ∼6 months before analysis. The predicted half-life of Fe(ii) at our sampling site is 3.5 h (ref. 8): suggesting that Fe(ii) was stabilized against oxidation by molecular oxygen. We hypothesize that this stabilization may be due to complexation by organic matter produced by hydrothermal processes. Although many Fe-complexing organic compounds can enhance Fe oxidation rates, slow rates of Fe(ii) oxidation in marine waters have been attributed to the presence of organic ligands 15 .
Strictly on the basis of available stability constant data for Fe(ii)-complexing organic ligands, organo-sulphur compounds such as 2,3-dimercaptopropanol (C 3 H 8 OS 2 ), with two thiol (-SH) groups per molecule, are the best model candidates for Fe(ii)-stabilizing functional groups: log K values are 15.8 and 28.0 for the mono and bis complexes, respectively 16 . This compound also complexes Fe(iii) with stability constants approximately equal to those for Fe(ii), and our data do support the presence of Fe(iii) associated with POC. We hypothesize that, at the EPR, organo-sulphur compounds form in the buoyant plume from mixing of H 2 S-rich vent fluids with entrained organic-rich waters derived from the biologically active sea floor in the vicinity of the vent. Our hypothesis is also supported by the fact that chemical reactions between H 2 S and DOC have been shown to produce aggregates of polysaccharides and organo-sulphur compounds in marine surface waters 17 . In addition, Sander et al. 5 water or artificial sea water with specific DOC-POC characteristics. Furthermore, as nanoprobe extended X-ray absorption finestructure spectroscopy beamlines are developed, Fe 1s measurements may provide extra information regarding the coordination environment of Fe(ii) in the organic matrix. Although few published data are available, several studies of DOC-POC in the vicinity of high-temperature venting provide evidence supporting our hypothesis that entrained, nearvent biological materials react with vent fluid constituents to form POC capable of stabilizing Fe(ii) against oxidation. At the Endeavour ridge, greater than 95% of the C measured within the first 21 vertical meters of a buoyant hydrothermal plume was identified as having a near-bottom biological origin 19 . More recently, measurements of DOC at the Juan de Fuca ridge have demonstrated elevated concentrations in some biologically productive areas of diffuse venting 20 . Dissolved organic ligands present in non-buoyant hydrothermal plumes at the Mid-Atlantic Ridge have been found to stabilize Fe(iii) in solution (these complexes may represent 12-22% of the dissolved Fe in the deep ocean) 4 . Furthermore, organic ligands with thiol functionality and stability constants high enough to compete with the precipitation of sulphide minerals have been proposed for hydrothermal fluids 5 .
The possible sources of DOC-POC to hydrothermal plumes may include: (1) abiotic synthesis in endmember fluids; (2) entrainment of near-vent biological materials such as megafaunal detritus, larvae and microbial mat materials, as well as vertical fluxes from the overlying water 21 The organic matrix we observe in EPR descending plume particles has an exopolymeric-like appearance (Fig. 2a) , and may fit mechanistically into the DOC-POC continuum proposed generally for marine systems 22, 23 . The EPR POC matrix bears strong spectral similarities to biological molecules-proteins, polysaccharides and lipids-which have also been identified, by wet chemical techniques, to form the building blocks of marine polymer gels elsewhere in coastal waters from Puget Sound and deep North Pacific and Arctic oceans 24 . Furthermore, both lipids 25 and exopolymericlike matrices with spherical morphologies 26 have been observed in hydrothermal plumes rising above the Juan de Fuca ridge, suggesting that our findings may be representative of general processes occurring at deep-sea hydrothermal vents.
The fate and transport of hydrothermal plume POC and its associated Fe is not known. However, long-distance transport of hydrothermally sourced particles from EPR has been demonstrated [27] [28] [29] . If we assume that colloidal particles with similar chemical composition are present in the migrating plume, then the long-lived presence of Fe(ii) observed in these particles provides a possible mechanism for the escape of potentially bioavailable, hydrothermal Fe(ii) from the immediate vicinity of the MOR crest-this is a testable assertion. We hypothesize that Fe speciation at the EPR is linked to, and potentially controlled in part by, organic matter in the hydrothermal plume. Given the affinity of plume POC for Fe(ii,iii), the abundance of POC relative to Fe (Table 1) , and the known metal-binding properties of POC produced in other environments (for example, humic substances, microbial biofilms and organic colloids), the POC we observe in the Tica vent plume may also contribute to the uptake of other important trace elements. Therefore, we propose a new and broader conceptual model for the source of reactive surfaces in hydrothermal plumes: one that includes plume organic matter in addition to the long-hypothesized Fe oxide particles. Our findings provide clear evidence that Feand C-cycling processes at MORs merit closer examination-both to improve our understanding of the biogeochemical cycle of Fe (a widely recognized limiting nutrient) and to better understand the impact of hydrothermal plumes on other trace element cycles in the oceans.
Methods
We examined descending, non-buoyant plume particles collected in sediment traps deployed ∼5 m above the sea floor (∼2,500 m depth) and ∼100 m west of Tica vent on the EPR using a McLane 21-position time-series trap deployed at 9 • 50.40 N, 104 • 17.52 W. Samples were collected continuously, with each sample representing a two-day interval, from 16 May to 27 June 2006. Before deployment, each 250 ml polyethylene sample cup was filled with dimethyl sulphoxide and buffered to pH 9.0 ± 0.5. This preservative stops all biological activity within the samples, retaining sample integrity for mineralogical, geochemical and molecular microbiological investigations 30 . On trap recovery, in early July 2006, each sample cup was capped and refrigerated at 4 • C. Oxygen was not excluded during sample collection, storage, processing or analysis. Because biological activity was quenched by the dimethyl sulphoxide, we infer that the samples were in contact with dissolved oxygen concentrations between saturation (starting laboratory conditions) and the EPR ambient concentration of ∼100 µM kg −1 (ref. 8) . For the spectral analyses, 10 ml subsamples were drawn from each trap bottle under sterile conditions. Subsequently, all sample processing was conducted using standard methods established for sediment trap analyses 31 . Samples were sieved and the remaining <1 mm fraction passed through a 10-port rotating wet sediment splitter. Total dry mass for mass flux calculations was determined from three of the sample splits. 5-10 mg dried subsamples were analysed for particulate inorganic carbon, POC, and Al, Ca, Fe and Mn using a CHN analyser and an inductively coupled plasma optical emission spectrometer, respectively.
The particle-by-particle mineralogy and Fe speciation in particles 10 µm in diameter was characterized using micro-focused X-ray fluorescence, micro-focused Fe 1s X-ray absorption near-edge structure spectroscopy and micro-focused X-ray diffraction on beamline 10.3.2 of the Advanced Light Source (ALS), Lawrence Berkeley National Lab, Berkeley, California, USA. We identified inorganic Fe-bearing particles such as pyrite, 2-line ferrihydrite and basalt fragments (olivine and glass) (see Supplementary Figs S2-S4) .
The STXM and NEXAFS spectroscopy measurements were carried out on the <10 µm size fraction at ALS beamlines 11.0.2 and 5.3.2. Transmission images at energies below and at the relevant absorption edges were converted into optical density images (optical density scales for Fig. 2c,d are 0-0.96 and 0-1.63, respectively) and used to derive elemental maps (optical density is equal to ln (I 0 /I ), where I 0 is the incident X-ray intensity and I is the transmitted intensity through the sample). Approximately 1 µl of rinsed plume particle suspension was deposited onto a Si 3 N 4 window (Silson Ltd). X-ray images and spectra were acquired in transmission mode using a scintillator-photomultiplier detector assembly. Image sequences, also called stacks, were recorded at energies spanning the C 1s (280-320 eV) and Fe 2p (700-730 eV) absorption edges and were used to generate NEXAFS spectra from pixel locations of interest. Iron and C NEXAFS spectra were compared with spectral libraries of reference compounds. Because Fe 2p and C 1s NEXAFS spectra are diagnostic of a specific Fe or C form in relation to reference spectra, our interpretation is limited by our reference spectral library and published spectra. As our reference libraries consist of many Fe-bearing minerals relevant to hydrothermal vent systems and C spectra relevant to biomolecules and natural organic matter, we have good confidence in our interpretation of the spectra. Pixel-by-pixel fitting of the stacks, using singular value decomposition, was used to create Fe(ii) and Fe(iii) distribution maps. All STXM data processing was carried out using the IDL package aXis2000 (ref. 32 ). To minimize radiation damage to the sample, spectra were collected from unique areas (C and Fe stacks were never collected at the same location).
All measurements were carried out at ambient temperature and 1 atm He. The theoretical spatial and spectral resolutions of the beamlines were 40 nm and ±0.1 eV, respectively. The presence and relative amplitude of the two Fe 2p 3/2 peaks is indicative of the relative proportions of Fe(ii) (at 707.6 eV) and Fe(iii) (at 709.5 eV) present in the areas of interest (AOI). The main Fe 2p 3/2 resonance of the reference mineral ferrihydrite, set at 709.5 eV, was used for relative energy calibration of the Fe spectra.
The main C functional groups in Tica vent POC were observed at ( Fig. 2b and Supplementary Fig. S6 ): (1) 285.4 eV, common to proteins and consistent with C 1s → π * C=C of aromatic C rings 33 , (2) 287.4 eV, consistent with aromatic carbonyl and lipid signatures, (3) 288.2 eV, consistent with the C 1s → π * C=O of peptide bonds of protein molecules, (4) 288.4 eV, where the broad main resonance is centred consistent with carboxyl groups and (5) 288.7 eV, consistent with the C 1s → π * C=O signature of a polysaccharide component. The Rydberg transitions of gaseous CO 2 at 292.74 and 294.96 eV were used for calibration at the C 1s edge.
